Two field experiments in Canterbury, New Zealand, were conducted during 1993-95 following the ploughing of temporary pasture leys. These experiments investigated the effects of cover crop management on the accumulation of soil mineral N and nitrate leaching during winter, and the growth and N uptake of the following spring cereal crop. The cover crops used were ryegrass (Lolium multiflorum L.), oats (Avena sativa L.), lupins (Lupinus angustifolius L.), mustard (Sinapis alba L.) and winter wheat (Triticum aestivum).
INTRODUCTION
Ley-arable (or mixed cropping) farming is widespread on the Canterbury Plains of New Zealand, a region that occupies 750 000 ha. Grazed ryegrass (Lolium perenne)\white clover (Trifolium repens) pastures are usually grown for 2-5 years, followed by 2-5 years of arable crops. The nitrogen (N) fertility of the soil increases during the pastoral phase of the rotation due to symbiotic N # fixation by the clover (Haynes & Francis 1990) . Pastures are commonly ploughed in late summer\early autumn and left fallow until a cereal crop is planted in the spring.
A drawback of this ley-arable system is that substantial amounts of nitrate can be leached during the winter fallow period, with nitrate concentration in potable water in Canterbury (Adams et al. 1979) often greater than the Drinking-Water Standards for New Zealand of 11n3 mg nitrate-N\l (Anon. 1995). In Canterbury, large amounts of nitrate are leached in the first and second winters after leys are ploughed (Francis et al. 1995) . Cover crops established early in the autumn can reduce leaching losses in some years, mainly due to their uptake of soil mineral N before the start of winter leaching (Meisinger et al. 1991 ; Francis et al. 1995 ; Davies et al. 1996) . However, the incorporation of large amounts of cover crop residues in the spring can cause significant yield reductions in the following spring-sown crop (Martinez & Guiraud 1990 ; Francis et al. 1995 ; Davies et al. 1996) . A possible solution to this problem is to graze cover crops over autumn\winter to reduce the amount of residue that needs to be incorporated in the spring. However, during grazing, organic N contained in the cover crop residues will be returned to the soil in concentrated mineral form in urine patch areas. Large amounts of N may be leached from these urine patch areas if significant drainage events occur after grazing. There is no published information on the effect of grazing cover crops on nitrate leaching losses over autumn\winter in New Zealand.
This 2-year study investigated the effects of cover crop management after the ploughing of leys on nitrate accumulation in the soil profile, nitrate leaching losses, and yield and N uptake of a following spring-sown cereal crop.
MATERIALS AND METHODS

Site and soil
This experiment was undertaken from 1993 to 1995 at the AgResearch Templeton Research Farm, Canterbury, New Zealand (43m 38h S, 172m 30h E), on a Templeton silt loam soil (Udic Ustochrept ; USDA 1983). The site had been under grazed ryegrass\white clover pasture for 4-5 years before the experiment began. Mean annual rainfall is 680 mm, and is relatively evenly distributed throughout the year. Soil drainage is likely to occur from about June to September (Cox 1978) . Rainfall was recorded daily at the experimental site, with other meteorological data recorded daily at a station 15 km away.
Experimental treatments
Pasture (c. 40 % clover) was mouldboard ploughed to c. 200 mm depth in March of each year. Plots were 1994) . The N concentration of the urine was 5n6 g N\l, which is typical for sheep eating herbage with the N concentrations in these cover crops (Haynes & Williams 1993) . Except for fallow and winter wheat, cover crop plots were mown and surface mulched in spring (October). These plots were then ploughed, secondarily cultivated and sown with a test crop of either spring wheat in 1993 or spring barley in 1994. At tillering, half of each main plot received urea fertilizer (50 kg N\ha), with crops harvested in the autumn (February\March). Each experiment was a randomized block, split-plot design with three (in 1993\94) or four (in 1994\95) replicates of the main treatments. Cover crops were the main plots, with crop management the split-plots. Main plots were 20 m long and 10 m wide.
Sampling procedures
Soil samples (four bulked, 25 mm diameter cores) to 1 m depth were taken from each ungrazed plot for ammonium-and nitrate-N analysis at the start (June) and end (October) of winter leaching. Additional samples were also taken from the grazed subplots the day after grazing at the end of winter leaching. In 1993 some treatments were grazed only once, with samples from these treatments taken from both simulated urine patch areas and areas that had been protected from receiving excretal returns. For treatments grazed twice in either year, the area of soil covered by urine patches was calculated from the area of the grazed plots, the stocking density and the duration of grazing (Haynes & Williams 1993) . In 1993, c. 50 % of the soil area would have been covered by urine patches. In this year, the distribution of urine patches at sampling was not apparent due to rain (2n4 mm) that fell between grazing and sampling. A stratified sampling strategy was not possible for the separate collection of soil from urine patch and nonurine patch areas. Thus, in 1993, 20 soil cores were taken randomly from each plot to sample both urine patch and non-urine patch areas. In 1994, the soil covered by urine patches in treatments grazed twice was calculated to be c. 30 %. Urine patch areas were still discernible at sampling as areas of wet surface soil, allowing the collection of separate samples from urine patch and non-urine patch areas. Thus, at the end of winter leaching in 1994, 14 soil cores were taken from urine patch areas and six from non urine patch areas. Each set of these samples were subsequently mixed thoroughly and subsampled before analysis. Soil samples after harvest of the cereal crops were taken randomly from the unfertilized areas of both grazed and ungrazed plots.
Two porous ceramic samplers (25 mm diameteri55 mm long) were installed in each plot at 600 mm depth the day after cover crops were sown. Additional soil solution samplers were installed in simulated urine patch areas the day after the application of urine. Soil solution samples were extracted after significant ( 20 mm) rainfall events by the application of a 70 kPa suction for 60 min (Francis et al. 1992) . Soil moisture content was measured in each main plot using time domain reflectometry (0-200 mm depth) and neutron probe (200-800 mm) techniques. Nitrate leaching losses were calculated as the product of the mean soil solution nitrate concentration at successive sampling events and the calculated drainage between these samplings (Francis et al. 1992) . A simple water balance model was used to calculate drainage, with evapotranspiration of the cover crops calculated from a modified  model (Jamieson 1989).
Total above-ground biomass of the cover crops was measured (0n25 m# quadrat) on the day before each grazing and before mowing in spring. Wheat yields were determined from harvests of two randomly chosen, 0n5 m# quadrats per plot. Plant material was dried (70 mC) and ground for subsequent analysis. Ammonium-and nitrate-N in soil extracts, soil solution samples and total N in plant samples were analysed as described by Francis et al. (1992) .
RESULTS
Soil temperature, rainfall and drainage
Soil temperature at 100 mm depth followed a similar pattern in 1993 and 1994, decreasing from 10-12 mC in March to 2-3 mC in June and increasing to 6-7 mC in September (data not shown). Although total rainfall amount (May-September) was near to the long-term mean (293 mm) in both 1993 (300n5 mm) and 1994 (318n3 mm), its distribution was markedly different between years ( Fig. 1 ). Calculated total cumulative drainage from the fallow treatment was similar in both years, although the pattern of drainage varied between years ( Fig. 2) . In 1993 drainage was least from the pasture control. In 1993, compared with fallow, cover crops only significantly reduced (P 0n05) calculated cumulative drainage in September. All cover crops were as effective at reducing drainage, with drainage from lupins, mustard and ryegrass (data not shown) being similar to that from oats. In 1994, cover crops had no significant effect on cumulative drainage throughout the experiment.
Dry matter production, N uptake and soil mineral N
In June 1993, above-ground dry matter (DM) production varied significantly (P 0n01) between cover crops (Table 2 ). Dry matter production by winter wheat and its N uptake was much less than for the other crops due to its later sowing (May). Due to variations in cover crop herbage N concentrations (data not shown), the herbage N content was greater in the mustard than the oats, lupins or ryegrass. Except for winter wheat, N uptake by cover crops significantly reduced soil mineral N content (0-1 m depth) compared with fallow at this sampling time.
For all crops, cultivation of soil and sowing of cover crops resulted in a greater soil mineral N content than for the undisturbed pasture control. In October 1993, although the amount of DM and its N content varied between the ungrazed cover crops, soil mineral N contents were similar under all cover crops and were significantly less (P 0n001) than under fallow (Table  2) .
In 1994, cover crop DM and N content were not determined in June as crops had grown very little by (Table 2) . In 1993, the oats and mustard treatments were grazed in June, but the lupins and ryegrass were grazed in mid-August when they had produced 4494 and 3412 kg DM\ha respectively (containing 132 and 74 kg N\ha). The oats, lupins and mustard crops died after grazing, with little residue remaining above ground by the spring. Pasture and ryegrass survived grazing, with sufficient regrowth to require a second grazing in October when they had produced 3924 and 4043 kg DM\ha respectively.
In 1994, the ryegrass and oats treatments were first grazed in September when they had produced 1107 and 1116 kg DM\ha respectively. Both cover crops were grazed a second time in October when they had produced 1748 and 1647 kg DM\ha respectively.
Cover crop management had a marked effect on soil mineral N content in spring (October). In 1993, soil mineral N contents in the ryegrass and pasture treatments grazed twice over winter (mean of urine patch and non-urine patch areas) were greater (P 0n05) than in the ungrazed treatments (Table 3) . For oats and mustard, soil mineral N contents were not significantly different in the ungrazed plots and the grazed plots that had not received urine returns. For lupins, however, soil mineral N contents were greater in the non-urine patch areas of the grazed plots than in the ungrazed plots. The application of simulated urine to grazed plots increased soil mineral N contents in the oats and lupin treatments only. In 1994, the oats and ryegrass were both grazed twice during the winter. Soil mineral N contents in October were significantly greater (P 0n01) in the grazed plots (mean of urine patch and non-urine patch areas) than in the ungrazed plots (Table 3) .
Calculated N leaching losses
Cumulative N leaching losses were much lower in 1993 than in 1994 (Fig. 3) . In 1993 losses from all treatments were very low until September. Total cumulative losses were greatest from the fallow treatment, with slightly, but significantly (P 0n05), greater losses from winter wheat than from ungrazed oats. Losses from the ungrazed ryegrass, lupin and mustard plots (data not shown) were similar to those from the ungrazed oats. Leaching losses were not affected by grazing until the last leaching event of the winter. At this time, leaching losses were significantly greater (P 0n05) from the oats plots that received simulated urine than from the ungrazed plots (Fig.  3 a) . Similar, but non-significant, effects were apparent for ryegrass, lupins and mustard (data not shown).
In 1994 leaching occurred earlier in the winter than in 1993. Ungrazed oats (Fig. 3 b) and ryegrass (data not shown) significantly reduced (P 0n05) leaching losses by a similar amount compared with fallow. A similar, but non-significant, trend was apparent for winter wheat. Grazing of cover crops did not affect leaching losses at any stage of the experiment (data not shown).
Dry matter production, test crop grain yield and total N yield
For ungrazed treatments, the amount of aboveground DM incorporated into the soil in spring in Depth (mm) Ungrazed Grazed 0-100 7n1 2 0 n 9 100-200 7n6 2 3 n 8 200-400 9n0 2 7 n 4 400-600 6n2 1 5 n 2 600-800 5n6 1 2 n 7 800-1000 4n7 1 2 n 0  .  . (.. l 100) 1n03 1n03 both 1993 and 1994 varied greatly between cover crops (Table 2 ). Much less DM was produced by spring in all crops in 1994 than in 1993. Aboveground DM incorporated in grazed plots in spring was small ( 300 kg DM\ha) in each year (data not shown).
Harvest grain yield and total N uptake (i.e. N in the grain and straw) of the spring wheat (1993\94 experiment) and spring barley (1994\95 experiment) test crops are shown in Table 4 . In both years, where cover crops were grazed and no N fertilizer was applied, the yield and total N uptake of the test crop was not significantly different between cover crop species. In addition, the application of N fertilizer (50 kg N\ha) had no significant effect on test crop grain yield or plant N uptake in the grazed cover crop treatments.
In 1993, test crop (spring wheat) yields from the nil N, ungrazed oats, ryegrass, pasture and mustard treatments were less than following fallow. With the exception of lupins, all ungrazed cover crops showed a trend towards greater test crop yields when N was applied, although this effect was not significant for the ryegrass or pasture. Except for winter wheat, test crop yields were not significantly different between cover crops when fertilizer was applied to ungrazed treatments. The total N yield from ungrazed plots was least following oats, ryegrass and pasture and greatest following fallow, winter wheat and lupins. Application of fertilizer N increased total N yield in most ungrazed treatments, although this was only significant following winter wheat, mustard and pasture. For all treatments, grazing increased total N yield of the test crop, although this was not significant following lupins or mustard.
In 1994, yield and total N uptake of the test crop (spring barley) was significantly greater (P 0n05) following ryegrass than oats in the nil N, ungrazed treatments. The application of N fertilizer to the ungrazed oats treatment significantly increased both the test crop yield and its total N yield. Where no fertilizer N was applied, yield of the test crop was not significantly different between grazed and ungrazed treatments. In contrast, total N yield was greater following grazing than incorporation.
Mean soil mineral N contents for the ungrazed and grazed pasture, oats, lupins, ryegrass and mustard treatments at the harvest of the test crop in the 1993\94 experiment are shown in Table 5 . Distribution of mineral N through the soil profile was similar for both ungrazed and grazed treatments, with greatest N contents at 200-400 mm depth. Mineral N contents at all depths were greater where cover crops had been grazed than where they were incorporated.
DISCUSSION
Cover crops can be effective at reducing nitrate leaching losses compared with bare fallow through reducing soil drainage and reducing soil mineral N content when drainage occurs (Alvena$ s & Marstorp 1993 ; Shepherd et al. 1993 ; McCracken et al. 1994 ; Shepherd & Lord 1996) . However, cover crops usually affect leaching losses more through reducing soil mineral N content than through reducing drainage volumes (Meisinger et al. 1991 ; Davies et al. 1996) .
In this experiment, we calculated that soil drainage was reduced only a small amount by the growth of cover crops compared with fallow. In the autumn and winter of both years, relatively regular rainfall and low potential evapotranspirative demand resulted in similar amounts of soil water to be lost through cover crop evapotranspiration and bare soil evaporation. Cover crops did not affect drainage amounts until potential transpiration demand by the crops increased in the spring (September). Thus, as in previous experiments (Francis et al. 1995) , reductions in drainage were only significant when major rainfall events occurred in spring (i.e. in 1993). As grazing was not expected to have a large effect, drainage was not measured from the grazed subplots.
The importance of sowing cover crops early in the autumn is evident from the differences between 1993 and 1994 in DM production and crop N uptake. Cover crops sown in March produced substantially more above ground DM and removed considerably more mineral N from the soil by the start of winter than crops sown in April or May. As in previous experiments with winter cover crops (Francis et al. 1995) , DM production of winter wheat (traditionally sown in late May) was very small by the start of winter in either year, and soil mineral N content was greater than in the fallow treatment. This greater soil mineral N content under winter wheat is attributed to additional net N mineralization caused by the secondary tillage needed to create a seed bed for this crop (Francis et al. 1995) . In comparison, fallow soil was only ploughed in the autumn and then left undisturbed until the following spring.
The time of grazing varied between crops and between years in response to the rate of DM production. Soil mineral N contents after grazing were only measured in the spring, so the time between grazing and sampling varied. Nevertheless, in all treatments, there was a trend towards greater soil mineral N contents where cover crops were grazed compared with ungrazed. In ungrazed cover crops, soil mineral N contents in spring (October) were relatively low due to substantial uptake of mineral N by the cover crop. In the grazed cover crop plots, soil mineral N contents were greater due to the return of N to the soil in urine patch areas at rates of 300-1000 kg N\ha (Ball & Ryden 1984) . For treatments grazed twice, the soil mineral N content in the grazed areas was much greater in 1994 than in 1993. This was largely due to the different sampling strategies used in each year. In 1993, the area of soil covered by urine patches during the grazing events was calculated to be c. 50 %. Random sampling of soil should therefore have equally sampled areas that had or had not received excretal returns. However, the stratified sampling method used in 1994 appeared to be much more efficient at sampling urine patch areas than the random method used in 1993.
In the treatments grazed only once, soil mineral N contents were similar in the ungrazed subplots and the grazed subplots that did not receive urine applications. The exception was the lupin treatment that had a much greater mineral N content in grazed non-urine patch areas than the ungrazed areas (Table  3) . In 1993, the oats, lupins and mustard died after their first grazing in winter. Soil temperatures during winter were too low (2-3 mC) for extensive net N mineralization to occur in any treatment (Stanford et al. 1973 ). It appears that as soil temperatures rose in the spring the extent of net N mineralization varied between the grazed treatments. During the decomposition of residues with low N concentrations, extensive net N immobilization often occurs (Haynes 1986) . At the time of their grazing, the N concentration in plant residues was greater for the lupins (2n9 %) than the mustard (2n5 %) or the oats (1n7 %). As a result, the period for net N immobilization was probably shorter during the decomposition of lupins than mustard or oats (Jensen 1992), leading to greater net N mineralization by sampling in October.
As expected, soil mineral N contents were greater in the urine patch than ungrazed areas for the oats and lupin treatments. It is unclear why this effect was not also observed for the mustard treatment. Soil mineral N contents were greater in urine patch areas under lupins than under oats or mustard, largely due to the different grazing times for these treatments. Cover crops that were grazed earliest in the season had the lowest soil mineral N content at sampling in the spring. Oats and mustard were grazed in June, and it appears that by October some N returned to the soil in the urine patch areas was no longer present in mineral form. As no plant uptake occurred in these plots and leaching losses were small, some incorporation into the soil organic N pool is likely to have occurred (Williams & Haynes 1994) . In contrast, the lupin plots were grazed 2 months later (in August) and it appears that more of the returned N in the urine patch area was still in mineral form in the spring.
Nitrate leaching losses in both years were less than the losses of 75-100 kg N\ha often measured following the ploughing of temporary leguminous pastures in March (Francis 1995) . Leaching losses in 1994 were particularly low, and this was mainly due to the low amounts of drainage during late autumn\ early winter. As in other experiments (Shepherd et al. 1993 ; Francis et al. 1995 ; Davies et al. 1996 ; Shepherd & Lord 1996) , cover crops reduced nitrate leaching losses when drainage events occurred after the crops had taken up considerable amounts of soil N. In general, leaching loss reduction was broadly related to the DM production and the N content of the cover crop at the time of leaching. The grazing of cover crops increased the mineral N content of soil through the return of N in urine patch areas. Mineral N contents remained elevated under urine patch areas throughout the winter as net N immobilization of this urine N into the soil organic matter and\or its uptake by the cover crops was less than that applied. However, leaching losses of N from cover crops were largely the same from grazed and non-grazed areas (Fig. 3 ). This contrasts with other experiments in wetter winter environments where nitrate leaching losses from grazed pastures were greatest from urine patch areas of soil (Cuttle et al. 1992 ; Ruz-Jerez et al. 1995) . The main reason for the limited effect of grazing on leaching losses in this experiment was the small amount of drainage after grazing in either year. During a urination event, the maximum depth of movement of urine N into this soil type is c. 150 mm, with most of the urine N present above 50 mm depth (Williams & Haynes 1994) . In this soil, substantial macropore flow of water and solutes is not expected to occur for most rainfall events (Francis et al. 1995) . Thus in 1993, when c. 40 mm of drainage occurred after grazing, convective-dispersive flow was likely to have transported nitrate 150 mm through this soil, which has a volumetric water content of c. 0n3 at field capacity (McLaren & Cameron 1996) . The initial depth of movement of the urine N and its leaching during subsequent drainage events is clearly not sufficient for most of it to reach the solution sampler depth (600 mm) during the experiment. However, it does appear that a limited amount of preferential flow of nitrate may be occurring in this soil as nitrate concentrations in the soil solution at 600 mm depth under urine patches were greater than under nonurine patch areas at the last sampling event in 1993.
In 1994, grazing did not increase leaching losses. This is because there were no major drainage and leaching events after grazing in this year. Soil mineral N contents after grazing, however, show that there is potential for increased nitrate leaching losses from urine patch areas of grazed plots. This is especially the case if large drainage events occur soon after grazing.
For cover crops to be most effective at reducing nitrate leaching losses they need to be planted as early as possible in autumn (Meisinger et al. 1991 ; Francis 1995) . Consequently, compared with bare fallow, the common local practice of planting winter wheat in May has little effect on reducing leaching losses as this crop has very little effect on soil mineral N content by the start of winter (Shepherd & Lord 1996) . Early planting results in greater DM production and N uptake before the start of drainage. However, planting early will also require the early grazing of these cover crops. Urine patch areas of soil with high mineral N contents will then be present for longer periods over the winter, increasing the potential for elevated leaching losses from these areas of soil.
Under the same environmental conditions, nitrate leaching losses vary between urine patches produced by different animals. In comparison with cows, sheep urinations are much smaller in volume and cover a smaller area of soil. The depth of urine movement into the soil and the subsequent amount of leaching loss is much less for sheep than cow urine patch areas (Williams & Haynes 1994) . Grazing cover crops with sheep rather than cows is therefore important to minimize winter nitrate leaching losses. The timing of grazing in relation to rainfall events is also important in determining the effects of grazing on leaching losses. Delaying grazing for as long as possible in winter will minimize the potential leaching losses, but this needs to be balanced against the possible decline in feed quality with time.
Although the grazing of cover crops has the potential to increase nitrate leaching losses, it can have a very beneficial effect on the grain yield and total N yield of the following spring-planted cereal crop (Table 4) . Both grain yield and total N yield were significantly reduced when large amounts of aboveground herbage DM were incorporated in the soil in spring, compared to grazed plots. The reduction in yield generally increased with the amount of DM, although this varied somewhat between crops and between years. Similar depressions in yield have been reported in other experiments (Martinez & Guiraud 1990 ; Jensen 1991 ; Wallgren & Linde! n 1994 ; Francis et al. 1995 ; Davies et al. 1996) , and have been attributed to extensive net N immobilization during the decomposition of cover crop residues (Jensen 1991 ; Davies et al. 1996) , resulting in temporary N deficiency in the following spring crop. In this experiment, net N immobilization following the incorporation of large amounts of non-leguminous cover crop residues had a residual effect until the harvest of the following spring cereal crop (Table 5) . However, the application of small (50 kg N\ha) amounts of N fertilizer overcame the yield reduction.
In contrast, incorporation of large amounts of lupin residues did not affect the yield of the following crop. As legume residues often have higher N concentrations than non legumes, they often decompose faster with shorter periods of net N immobilization than non legume residues (Jensen 1992 ; Amato et al. 1987) . Where cover crops are not grazed over the winter, the growth of legume cover crops with high residue N concentrations is important for overcoming net N immobilization in the spring.
Results from these experiments suggest that in this environment it is preferable to graze rather than incorporate winter cover crops. Long-term (1941-84) 
